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ABSTRACT

v

Samples of glass and aylon reinforced CTL 91-LD Pheéenolic and G. E. 124
Resin were pyrolyzed in an arec image furnace at high vacuum. Compositions
of the various degradation gases are reported. Average molecular weights

of these gases were calculated. A description of the mechanism of pyrolysis

of G. E. 124 Resins is presented. A critique of the method is included.
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INTRODUCTION

The purpose of this study is to obtain chemical compositions of
pyrolysis gases that would be injected into the boundary layer that
gurfounds ablating plastics., The results of studies of arc image furnace
degradation of non=reinforced and glass reinforced CTL 91-LD* Phenolic in
high vacuum were published in Reference 1. These studies atre extended
t6 the nylon reinforced phenolic and formulation #124 of the General
Electric Company Century Series Resins in this paper. The results of

further pyrolyses of the glass reinforced phenolic are also veported.

* A product of Cincinnati Testing and Research Laboratory.
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The apparatus and analytical techniques that were employed were
essentially the same as those that were used in Referemces 1 and 2. The
arc image furnace consisted of a pair of General Electrie Company 60-inch
diameter search light mirrors. The carbon arc source was able to supply a
maximum flux of about 400 BTU/ft? sec. to the 1/2 inch diameter surface.

Some modifications were made in the vacuum system, as may be seen b

<

comparison of Figure 1 with Figure 2 of Reference 1. Im the work,

[a 1]
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the non-condensable gases were removed from the vieinity of the hot plastic
by expansion into a surge volume: These gasés were then complétely

trans ferred to a sample flask by Toepler Pump, and wWere allowed to stand
so that the gases became thoroughly mixed. A P=V=T measurement served

to determine the total yield of nonscondensables. In the present work,
the non=condensables were pumped into a pre-évacuated éxpansion volume,
as they formed, with a Consolidated Electrodynamics Corporation Model
GHG 15<S Diffusion Pump. This pump was able to function against a
maximum fore pressure of between 5 and 10 mm Hg. When transfer was
completed, the pump was used to circulate the gases in order to mix them.
P-V-T measurements were used to determine yields, but in this case, the

in the expansion volume with a McLeod Gauge. The
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new procedure was far less cumbersome than the earlier method.

In the earlier work, zero time was defined as the time when the

‘O

arc became stable. crude shutter was used to determine zero time in
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the present work:. The quartz dome was covered with a pair of eardboard

was struck. The sheets were fastened to each other with masking tape.
A long string was attached to each sheet. When the discharge was stable,
the cardboard sheets were quickly pulled away from the quartz dome and
quickly dropped to the floor of the furnace housing. Zerd time was
defined as that when the shutter was withdrawn. Exposure time was the
interval between zéro time and the instant when the arc was extinguished.
The volatile degradation products were once again divided into three
fractions. The first fraction was volatile at liquid nitrogen temperature.
The second fraction was volatile at CO; ice=trichloroethylene bath
temperature (=78°C) after the first fraction was removed. The third
fraction consisted of the balance of the products that were volatile at
room temperature. Quantitative analysis of the first fraction was performed
by chromatography. Qualitative analyses of second and third fractions were
performed by infrared absorption spectroscopy and a combination of chromatography
with time-of-flight mass spectroscopy. Quantitative analyses of second and
third fractions were performed by mass spectroscopy. Ammonia in second
fractions of the phenolics was analyzed by absorption in anhydrous oxalic

acid. Total yields of third fractions were determined gravimetrically in

small tubes.
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Both reinforced phenolics contained about 40% phenolic by weight.
6,6 nylon was used, The 1/2 diameter by 1 inch long cylinder samples
were machined so that the cloth reinforcement was perpendicular to the
circular faces. The G. E. 124 Resin samples were machined from cast

rods.

The results of these experiments are listed im Tables 1<4. Table 1
coritains a general summary of all runs cat¥ried out for the three materials,
in¢luding quantitative analyses for first fractions, and ammonia for the
phenolics. Tables 2<4 show quantitative compositions for all experiments
where second or third fractions were analyzed. Products are listed in

order of increasing molecular weight.
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DISCUSSION

Examination of Table 1 shows that experiments which were carried out

degree of reproducibility with respect to total weight loss, total yields
of the various fractions, and the specific analyses of non=condensable

components and ammonia. The ten second exposure runs for glass phenolie

Run 4). The specific analyses of the condensables, as listed in Tables 2<4,

wére quite reproducible for most components, but thete were some marked
differences. Someé of these differerices may have been due to different

interpretations of the mass spectra from the two different amalytical

laboratories. In the case of 6. E. 124 Résin (Table 4), the sample from

Run 56 is from a different batch than the other samples. It is thought,

occurred between the various products while standing. It is interesting

to note that, in some cases, fractions of product formed brown solids

while standing,while other fractions, which one might assume to be identical,
did not*. The most evident differences are H20 for the glass phenolic in

Runs 51 and 52 and acrolein for the nylon phenoliec in Run 49. Mass spectroscopy

time-of-flight mass s spectrometer have shown that sulfur

* Recent flash pyrolysis studies of glass reinforced phenolic in the reaction
a

dioxide ié a decomposition product. 0.1 per cent sulfur was found by

subsequent hem1ca1 analysis. It seems likely that sulfur dioxide reacted
with ammonia in the presence of water in the traps to form ammonium
sulfite, It is also possible that ammonia reacted with some of the
carbon dioxide to form ammonium carbonate. Therefore, at least im the
case of the glass reinforced phenolic, the reported quantity of ammonia

is too low, carbon dioxide may be too low, and sulfur dioxide is

completely missing.

wn
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which contain a large percentage of water. Tables 2-4 also list material
balances for all cases where the first and second fractions were analyzed

in detail. For glass reinforced phenolic (Table 2) Runs 38 and 51, 86.8

and 87.6 per cent of the weight 10ss was accounted for by the three volatile
f ns. It is Yeasonable that these should be less than 100 per cént
sinée some glass was also lost; and sinée some products which were not

volatile at room temperature were observed on the surface of the quartz

dome and on the pyrex weol filter of the first trap. For nylen reinforced
phenolic (Table 3) Runs 39, 49, and 50, 98.5, 99.8 and 102.7 of the weight
loss appeared in the volatile fractions. These represent extremely good
agreement. For G. E. 124 Resin (Table 4) Runs 41, 42, and 56, 88.4, 82.3,

and 101.3 per cent of the total weight loss was accounted for. Sample 56

was not only from a different batch than samples 41 and 42, but mass
spectroscopy of the second fractions was carried out in different laboratories.
pyrex wool of the first trap in all cases, it may be that the material
balances for nylon-phenolic and Run 56 are slightly high. However, it is

more probable that those for Runs 41 and 42 of the G. E. 124 Resinm are a

little too low. Table 5 contains the average of all analytical data and
average molecular weights for products which were volatile at room temperature

for each plastic for ten second runs. The real molecular weights for stable

products would be a little higher because the non-volatile products have

comparatively high molecular weights. Run 56 has been included for G. E. 124
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Resin even though it was from a different batch than the other samples,
because the data were not very different. The differences between
decomposition products of glass and nylon reinforced phenolic are

interesting. Although most components are produced in quite similay

o
’@F

amounts; more CO2, HCN and unsaturated hydrocarbons are produced inm the
case of nylon. These products are reasonable degradation products of

nylon. Grunt fest3 observed similar differences for are image futnace

pyrolyses of nylon and Refrasil reinforeed CTIL 91-LD phenolies.

G o e a b 3 A E m o ai i Dasias .

Barry and Gaulin' studied the ablation of Century Series Resins as

[=9

a function of pressure and heat flux in several are plasma facilities
and rockét exhaust. Under low pressure and low heat flux eonditiéns;
chars were found to contain rather large pores with thick walls with a
broad distribution in pore diameter. At high pressures and heat fluxes,
chars were more porous with a homogeneous distribution of smaller pores
Pyrolysis studies showed that the chars formed by a two step process.

The first was the production of a highly cross-linked foam at about 350°C,

with the evolution of high molecular weight products. This was followed

by a further decomposition at higher temperatures to form a more highly

.

carbonace char, which was accompanied by the evolution of hydrogen and

carboii monoxide. These authors likened the foaming process to the

production of polyurethane foams. For slow rates of foaming, small pores

have time to break and form larger pores with thick walls. Foaming under

vacuum also tends to produce large pores since the escape of gas is




accelerated with the material in a very fluid state. Speeding up the
process,with increased préssure; tends to give foams of uniformly fine
pore structure, with low density and thin walls, if sufficient foaming
volatiles are available.

Arc image furnace pyrolyses are carried out under low pressuré and

high heat flux conditions. Microscope photographs of three char zones

The region closest to the front surface appears

are shown in Figure 2.
to have a combination of the two types of chars that were described by
Barry and Gaulin., While there were a few la¥ge pores; a bulk of the char
appeared to have rather fine uniform pores. The interior char, however,
Although the front surfacé of the char had some small fissures, there were
many very large fissures which opened to the sides of the sample between
the front surface and the virgin plastic. The chars which Were produced
in the arc image furnace appeared to be superficially similar to those

5 by passing the hot plasma from

that were produced by Barry and Sutton
an air-stabilized arc through the interior of cylindrical test specimens

which had been bored.

t=y
=t

Barry and Gaulin® pyrolyzed samples of pulverized G. 23 Resin,

a somewhat different formulation from the 124 Resin, in an evacuated

r
»

tube to temperatures slightly below 1000°C., Product analysis was performed
for some of the fractions. Hp was not observed as a reaction product

until temperatures of about 600°C were reached. Although experiments at

‘0
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lower temperatures were of longer duration, it took a variety of times
from 167 to 280 seconds to heat samples from room temperature to the final

elevated temperatures. Comparison of the relative yields of H2 with CO,

arc image furnace experiments at about 700°C. These authors showed that
the maximum char temperaturesof various parts of low heat flux low pressure
chars did not exceed 300 to 6000C; and predicted that the gases that would
be injected into the plasma stream would have compositions similar with
tube furnace experiments that were carried out at these temperaturés.

High heat flux, high pressufe chars were shown to exceed 10009C. TLow

a

temperature decomposition products of G. E. 123 Resin were also allowed
to percolate through a char which was generated from 126 Resim while
the char was heated to above 2250°C with an induction heater. Eighty-five
per cent of the available hydrogen was recovered as Hp, while eighty-six
per cent of the available oxygen was recovered as CO., Very small amounts
of CHy, CoHy, and CoHy were formed.
Examination of Table 1 shows that the rate of loss of weight of
124 Resin was higher for the 10 second exposure than for 5 seconds. Although

the rates of formation of CH,, the second;and third fractions also inéreased

®

with increased exposure, those for Hp and CO decreased. Analysis of the

various factors leads to the following description of the pyrolysis of

G. E. 124 Resin in the arc image furnace.
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The application of the high heat flux at the front surface of the

sample led, initially, to the rapid formation of a highly eross=1linked G

porous char with a comparatively homogeneous distribution of small pores
The presence of vacuum caused larger pores to form inh a small fractionm of

this zone, and some small fissures resulted. As pyrolysis continued, the

effective heat flux which reached the lower regions was reduced. Because
the formation of the porous char was slower, the vacuum emvironment caused

the more fluid char pore to break and form larger pores with thick walls.

;
The gases were released from these lower temperature regions through large :

fissures in the cylindrical wall of the sample. For the shorter exposures;

the relative quantity of the higher temperature degradation, which led to
o . o o ) . . . 3
the formation 6f Hp and CO,was more important tham for the leonger exposures, "
[T
where the lower température degradation processes assumed greater importance. I

Although the front surface of the sample was probably heated to above 2000°C, o
the final product picture for the 10 second run was more representative of

heating at 700°C. It is likely that very short exposures would yield

products that are more representative of higher temperature degradation. !
8

4

Although it was not tested in any systematic fashion, the installation i

|

of the C.E.C. Model GHG 15-$ diffusion pump did not appear to influe

T

the results of the experiments. It is possible that this pump did not

influence the pumping rate appreciably since the 1-1/2 meter

gl

ength of :

1/2 inch diameter tubing was allowed to remain between the dome and the

first trap. Changing of this tubing would have meant a major modification

of the vacuum system, Enlargement at the dome could have caused interference
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with foecussing. Perhaps a cylindrical configuration could have beem used
instead of spherical. The use of much larger tubing, or pipe, would have
made handling the system more difficult. Another possibility could be

to remove the gases through the back:. Placement of the vacuum system with
respect to the source and furnace housings could then be a problem. It

is possible, however, that even very efficient pumping would not change
the situation. The pressure at the face of the sample during pyrolysis
may be so high compared to the pressure of the surrounding region that
very few molecules would find their way back to a region whiech is hot

enough to cause an appreciable change in the initial stable products.




VI, CONCLUSIONS
These studies and the work of Reference 1 have shown that it is
possible to obtain reasonably reproducible product compositions of high

temperature pyrolysis products of plastics with an arc image furnace and

with a variety of analytical techniques. Several factors limit the degree
of reproducibility that may be achieved. It is very difficult to reproduce
focussing of the are because 6f the inherent instabili¢y of ares and the
cumbersome 60 inch mirror housings. Shuttering is a real problem with the
large mirrors. One wWould suspect that the table top type 6f arc image
furnace would be siiperior for such studies. As decomposition progresses
the position of the front sufface of the plastic sample will change. This
will change the energy input. Illumination of the sample face is not
absolutely uniform. Uniformity and quantity of illumination are influenced
dome. Since decomposition products arise from regions which are at different
temperatures and states of decomposition simultaneously, interpretation of
the data is difficult. This difficulty is enhanced by the large number of
products. It might be helpful to imnstrument the samples to determine
temperature at a variety of distances from the surface; however, interpretation
of data will be difficult because of the other factors.

In order to evaluate the ability of a given plastic to withstand

ablation, one must know the precise chemical composition of the gases that are

injected into each part of the boundary layer. It is apparent that the

12
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composition at any point will be dependent upon local conditions and the
history of that point. Therefore, the products which would be evolved
from a non=uniformly heated plastic body would vary from point to point.
In the case of the Century Series plastics, composition would also be
influenced by loeal pressure. For G. E. 124 Resin; the compositions that

re reported in this paper are not appropriate for high heat flux and

[+ 1

high pressure:. For such cases, one would probably be best 6ff to assume
that all available hydrogen is conmverted to Hy and all available oxygen
is converted to CO. Since the phenoliecs do not go through a foaming
process during decomposition, the compositions which are reported for
those materials are likely to be more represemtative of high heat flux,
high pressure conditions.

In order to achieve better reproducibility for chemical analyses
of the complex mixtures that are produced, one might set up elaborately
developed gas chromatography systems. Analyses of the type that were
performed would be required to back up the chromatography because of the
complexity of the product picture. Still, it might be difficult or
impossible to eliminate chemical reactions between products, and between
products and the chromatography apparatus. An improvement over the arec
image furnace and similar methods has recently been achieved by this
author. Samples of plastics are flash pyrolyzed in the reaction chamber
of the Bendix Time-of-Flight Mass Spectrometer. Mass spectra are

photographed with 100 microsecond time resolutiom, so it will probably

be possible to study free radicals and other transitory products. Such
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products are expected to be more representative of the primary high
temperature decomposition species than the stable products which have
been studied in the past and will probably furnish more information on
the mechanism of degradation. The mass spectroscopy technique has already
been used to study the more stable products which are present during the
first ten seconds after pyrolysis. These studies have shown that improved
reproducibility results from carrying out analysis soon after the products
form, It is also much easier to detect products which would disappear
later through chemical reaction. The results of time-of-flight mass
spectroscopy promise to be easier to interpret than those of arc image

furnace studies.
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TABLE 1

~ General Summary
(Including Yields of Non-Condensable Components and Ammonia)

L . _Grams_

| Exposure|[ Total] Yield e] Yield | [ ]
: | Time, |MWeight{ Third || Firse Second {Yieild | Yield Yiélé Yield Yield’
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0 13538 | .1144 }]8.826 | 2. 122 5.43
.0 3468 | .1099 ||8.765 5.3
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37 1
|38 1
Ist ] 1
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3¢ || 10.0 |[]4602 .0887
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140 | 10.0 {}.4521 :1234
49 10.0 |[L4469 | .1096
50 || 10.0 {f4503 | .1237
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Sample from different batch than other runs.
Direct expansion of non-condensables into surge volume with diffusion pump
not operating.

#*%% Sample from different batch thamn other rums.
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TABLE 2

Detailed Product Analyseés for Glass Reinforéed Phenolic

% 103

|Component 1 _ Fraction | _ Rul
|[Hydrogen ] :
Methane

{Ammonia

Water

|Acetylene
Hydrogen Cyanide
Carbon Monoxide
[Nitrogen
|Ethylene

Ethane

Methanol
|Propyme
|Propylene
jcarbon Dioxide
{Ethanol
Diacetylene
Vinyl Acetylene
|Butadiene
Acétone
|1sopropanol
{2-Pentene=4=yne
|Cyclopentadiene
Benzene

{Toluene

|Phenyl Acetylene
JStyrene

|Xylenes
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0.135%%* 0.249%% ‘ 0.549
0.019%%* | 0.046%% 0.159
- 0.011 = ]
- ‘ 0.007 | 0.003
= ‘ 0.030%%* : 0.076
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£
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.
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~
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| Acetylene - | 0.008 | N
[Methyl - 0.006 | o.002

- | 0.010 0.008
- 0.001 -

ethyl Styreéme
CQ Aromatics
Dimethyl Styreme

[RE NIRRT
t

__ Material Balamcewhhk, PerCent
R __87.6 l -

* Trace of methane in fraction 2.
*% Parts of component in fractions 2 and 3.
*%% In fraction 2.
*%k% Weight of three volatile fractions compared to total weight loss,
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Detailed Product Analyses for Nylon Reinforced Phenolie

TABLE 3

|Methane

Ammonia

JWater

Acetylene

{Hydrogen Cyanide

Carbon Monoxide

INitrogen

Ethylene
Ethane

| Propyie
[Propylene

iCarbon Dioxide

{Propane

Ethanol

|piacetylene
Vinyl Acetyléne

Butadiene
Aérolein

|Butylenes

Acetone
Isopropanol
2-Penitene-4=yne
Cyclopentadiene

|Pentenes
|Benzene

|Toluene
|Phenyl Acetylene
Styrene

Xylenes
4-Ethenyl-1-
Cyclohexane
[Methyl Phenyl
Acetylene
Methyl Styrene
{C9 Arématics
|Dimethyl Styrene
IC10 Aromatics
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|Com _ | Fraction [ Run39 T | __Run 50 _

Ll

0.069
0.137
0.445
0.009
0.009
0.218%* |
0.097%*
0.080
0.044%%
0.062%*

__Material , - ——vimi
98.5 99.8 102.7

* In fractiom

2,

*% Parts of component in fractions 2 and 3.

#*%% Weight of th

ree

volatile fractions compared to total weight loss.




TABLE 4

Detailed Product Analyses for G. E. 124 Resin

Jcomponent___

xt)
~
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Ier
T
(o]
3

{Hydrogen

Me thane

JWater
|Acetylene
lHydrogen Cyanide
|Carbon Monoxide
INitrogen
Ethylene
Ethane

Propyne
Propylene
|carbon Dioxide
Propane
Ethanol
|piacetylene
|Vinyl Acetylene
|Butadiene
Acrolein
Butylenes
Acetone
|Propanal
|1sopropancl
2:=Péntene=4-yne
|Cyclopentadiene
Pentenes
n=péntane
i-pentanes
In=butanol
Benzene
Toluene

Phenol

Phenyl Acetylene
Styrene

Xylenes

Methyl Phenol

| Cyclohexane
Methyl Phenyl
Acetylene
Methyl Styrene
Cg Aromatics
Dimethyl Phenol
Dimethyl Styrene
C10 Aromatics
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0.020%*
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0.006
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ialﬂBélance***, Per Cent

— 8.4 1 823 _

* iﬁﬁfractign 2,

**  Parts of component in fractions 2 and 3.
**% Weight of three volatile fractions compared to total weight loss,




TABLE 5

Average Produc¢t Compositions and Molecular Weights

on;A " G. E.

Moles x 103
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| Propane k 1 o.
Ethanol [ o. 003 - 0.019
Diacetylene § . ; 172 0
A Vinyl Acetylene | 0.034 | 0.080 - 0.056
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LN |Butadiene 0.006 | 0.035 | 0.028 . .
,K Acrolein - -0, 280 0.105 . .
i Butylenes - - | 0.023 | 0.017 . .
: Acetone 0.054 0.142 0.078 .3 . .
1 Propanal - - 0.077

Isopropanol 0.281 0.453 0.024
2-Pentene=4-yne 1 0.032 0.047 I 0.060
Cyclopentadiéne - 0.043 0.003 1 0.026
Pentenes - 0.003 0,008
n=Pentane = R 0.001
i-Pentanes - - 0.016
n-Butanol | = = 0.069
Benzéne | 0.467 | 0.178 1 0.233
Toluene 0.112 - 0.093 0.029
Phenol - - 0.009
Phenyl Acetylene |

| 0.00
Styrene 0.00:
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: Xylenes 0.0 0.062 0.019 .3 . .
. ethyl Phenol - - 0.004 .
¥ 4-Ethenyl=1- |

: Cyclohexane = 0.001 0.012 | - 0.0 0.1




TABLE 5

(Continued)

_Moles x 10° | Mole Pet cent

‘ Nylon - G. E. | Glass | Nylom [ G.
| Phenolic | Phenolte | 124 | Phenolic |Phenolic | 1
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GENERAL @ ELECTRIC
SPACE SCIENCES LABORATORY
MISSILE AND SPACE DIVISION

TICHNICAL INFORMATION 'E NES

TAUTNOR - | svener CLASSWICATION ' Two.
- Henry L. |
! Enedma.n

THE PYROLYSIS OF PLASTICS IN _ |* " " .
A HIGH VAC UUM ARC IMAGE i i
FURNACE. IL ‘

Plastic De.gr‘adatioa

image furna.ce at h1gh vacuum, Compos1t1ons of the

| various degradation gases are reported. Average

° molecular weights of these gases were calculated. A

' | description of the mechanism of pyrolysis of G.E. 124
Resins is presented. A critique of the method is

C included.
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